Ribosomal proteins (RPs) genes encode structure components of ribosomes, the cellular 2 0 machinery for protein synthesis. A single functional copy has been maintained in most of 78-80 2 1 RP families in animals due to evolutionary constraints imposed by gene dosage balance. Some 2 2 fungal species have maintained duplicate copies in most RP families. How the RP genes were 2 3 duplicated and maintained in these fungal species, and their functional significance remains 2 4 unresolved. To address these questions, we identified all RP genes from 295 fungi and inferred 2 5 the timing and nature of gene duplication for all RP families. We found that massive duplications 2 6 of RP genes have independently occurred by different mechanisms in three distantly related 2 7 lineages. The RP duplicates in two of them, budding yeast and Mucoromycota, were mainly 2 8 created by whole genome duplication (WGD) events. However, in fission yeasts, duplicate RP 2 9 genes were likely generated by retroposition, which is unexpected considering their dosage 3 0 sensitivity. The sequences of most RP paralogs in each species have been homogenized by 3 1 repeated gene conversion, demonstrating parallel concerted evolution, which might have 3 2 facilitated the retention of their duplicates. Transcriptomic data suggest that the duplication and 3 3 retention of RP genes increased RP transcription abundance. Physiological data indicate that 3 4
To better understand the evolutionary patterns of RP genes and their adaptive significance, 1 0 1 we conducted systematic identification and evolutionary analyses of all RP families in all fungal 1 0 2 species with well-annotated genomes. We searched for RP genes from 295 fungal species and 1 0 3 identified independent duplications of most RP families in three distantly related fungal lineages.
0 4
We inferred the timing and nature of gene duplication for each RP family in each fungal lineage. 1 0 5
We found that a vast majority of RP paralogous genes have experienced repeated gene 1 0 6 conversion events that have homogenized their sequences in each species. In aligning with 1 0 7 integrative analyses of genomic, transcriptomic data and physiological data, we proposed that To determine the prevalence of gene duplications in RP families in fungi, we first searched 1 1 5 for RP homologous genes for all fungal species with NCBI Reference Sequence (RefSeq) 1 1 6 protein data (Supplementary table 1). As of March 2019, 285 fungal species were annotated 1 1 7
with RefSeq protein data, covering five of the seven fungal phyla. We conducted BLASTP 1 1 8 searches against the 285 RefSeq protein datasets using amino acid sequences of RP genes 1 1 9 from both S. cerevisiae and Sch. pombe as queries (see Methods and Materials). Based on 1 2 0 BLASTP search results, we calculated the gene copy numbers in each RP family for every 1 2 1 examined species, and the total number of RP families with duplicate copies (Supplementary 1 2 2 table 1).
2 3
We considered a species with massive RP duplications if more than 50% (≥ 40) of RP 1 2 4 families have duplicate copies. Among the 285 fungi examined, only ten species meet the 
4 7
To manually curate RP repertoire in a genome, we performed both BLASTP and TBLASTN 1 4 8 1 7 1 cerevisiae, which explains the discrepancy between the tree topology and their duplication 1 7 2 history in the budding yeast (Evangelisti and Conant 2010; Casola, et al. 2012 ). However, it is 1 7 3 not known whether it is the same case in the fission yeast and Mucoromycota species, which 1 7 4 requires accurate timing of duplication events in the two lineages.
7 5
Based on these cases, we cannot infer the evolutionary history of RP genes in fungi solely 1 7 6 based on the topology of phylogenetic trees due to the possibility of gene conversion. It is 1 7 7 necessary to carry out additional analyses to determine when gene duplication events have 1 7 8 occurred. Because only a small number of species have experienced massive RP duplication in 1 7 9 each of the three fungal lineages ( fig. 1 and Supplementary table 2), the most parsimonious 1 8 0 scenario is that the expansion of RP genes in each fungal lineage occurred independently. In 1 8 1 our subsequent analyses, we separately inferred the timing and nature of gene duplications for 1 8 2 each RP family and determined whether they have experienced gene conversion after gene 1 8 3 duplication in each lineage.
8 4
Duplication and concerted evolution of RP genes in the budding yeasts 1 8 5
We manually identified all RP genes for the 23 Saccharomycetes species (budding yeasts).
8 6
A total number of 59 RP families have duplicate copies in most WGD species ( fig. 1 duplicates in most budding yeasts, including these non-WGD species, suggesting that they 1 9 0 1 0 able to detect the presence of microsynteny in both RP duplicates in 49 families in Sch.
5 9
japonicus, suggesting that gene duplication of these RP families have occurred before the 2 6 0 divergence of the four fission yeasts ( Supplementary table 5 ). For example, two copies of 2 6 1 RPL11 genes are found in each Schizosaccharomyces species. Highly conserved regions of 2 6 2 microsynteny surrounding RPL11A genes were found in all four fission yeasts, and so were the 2 6 3 RPL11B genes ( fig. 4A ), supporting that RPL11 was duplicated in their common ancestor and 2 6 4 both copies have been maintained in each fission yeast after their divergence.
6 5
For the rest 9 RP families, we did not obtain conclusive evidence to determine whether they 2 6 6 were duplicated before the split of Sch. japonicus. Four of them (RPL10, RPL30, RPS12, and 2 6 7 RPS25) has only a single RP copy present in Sch. japonicus. These genes could be duplicated 2 6 8 in the common ancestor of fission yeasts, and a duplicate copy has subsequently lost in Sch.
6 9
japonicus. Alternatively, the duplication events have occurred after the split of Sch. japonicus 2 7 0 from the other species. In the other five RP families (RPL3, RPL17, RPL18, RPL21, and 2 7 1 RPS19), only one RP copy in Sch. japonicus share microsynteny with the other three species.
7 2
Similarly, the duplication events of these RP families could be predated to the divergence of 2 7 3 fission yeasts, following by genome rearrangements in Sch. japonicus that resulted in the loss of 2 7 4 its gene collinearity. However, we cannot exclude the possibility that they were generated by 2 7 5 independent duplication events in Sch. japonicus.
7 6
To determine the number of RP families has an incompatibility between gene phylogenetic 2 7 7 tree and duplication history, we constructed a phylogenetic tree for each RP family with 2 7 8 duplicates in the fission yeasts. In the case of RPL11, contradict to the gene true duplication 2 7 9 history as inferred by microsynteny analysis ( fig. 4A ), the phylogenetic tree shows that RPL11 2 8 0 paralogs from species-specific clades in each fission yeast ( Fig. 4B ). Such incompatibility 2 8 1 suggests that gene conversion has occurred between RPL11 paralogous genes in each fission 2 8 2 yeast after their divergence. A total number of 45 RP families (77.6%) in fission yeasts have a 2 8 3 similar tree topology to RPL11 (Supplementary File 3). In other families, such as RPS17, the 2 8 4 two copies of RP genes from Sch. pombe, Sch. octosporus and Sch. cryophilus form two clades 2 8 5 and each clade have one gene copy from the three species. We observed nine RP families 2 8 6 similar to RPS17, suggesting that concerted evolution of these RP genes might have been 2 8 7 terminated before their divergence ( fig. 4C ). However, we did not find evidence of gene 1 1 Retroposition as a major mechanism for massive duplication of RP genes in the 2 9 0 ancestral fission yeast 2 9 1 Because no WGD was detected during the evolution of Sch. pombe (Rhind, et al. 2011 ), we 2 9 2 then inferred other mechanisms that resulted in massive duplication of RP genes in the fission 2 9 3 yeasts, such as unequal crossing-over and retroposition. Unequal crossing-over typically 2 9 4 generates segmental or tandem gene duplicates. If a pair of genes was generated by segmental 2 9 5 duplication, we expect to observe microsynteny between regions of paralogous RP genes within 2 9 6 a species. However, we did not find any case in these RP families (Supplementary table 5).
9 7
Furthermore, we did not detect tandemly arranged RP paralogous genes, suggesting that 2 9 8 unequal crossing-over is not a main contributor for RP duplications in the fission yeasts either.
9 9
Retroposition generates retroduplicates through random insertion of a retrotranscribed 3 0 0 cDNA from parental source genes, resulting in intron-less retroduplicate genes (Kaessmann, et 3 0 1 al. 2009). We examined the exon-intron structure for all RP paralogous genes in Sch. pombe.
0 2
Among the 21 singleton RP families in Sch. pombe, only 7 of them (33.3%) are intron-less 3 0 3
( Supplementary table 6 ). In contrast, 33 of 58 duplicate RP families (56.9%) have at least one 3 0 4 copy of intron-less gene, which is significantly higher than the group of singleton RPs (p = 3 0 5 0.006, Fisher exact test). This ratio is also significantly higher than 27.3% of RP duplicates 3 0 6 generated by WGD in S. cerevisiae. Thus, the enrichment of intron-less RP genes in the 3 0 7 duplicate RP families in fission yeast suggests that they were likely generated by retroposition.
0 8
For those RP duplicates with intron in both copies, the possibility that they may be created by 3 0 9 retroposition following by insertion of intron cannot be excluded, because the locations and 3 1 0 phases of introns between these paralogous RP genes in Sch. pombe are usually different. to lack of genomic data from closely related species, we cannot provide a systematic inference 3 2 6 of the timing and nature of massive RP duplication in L. transversale. Thus, our subsequent 3 2 7 analysis only focused on the origin and evolution of RP duplicate genes in pin molds.
2 8
A WGD event has been proposed in ancestral R. delemar (Ma, et al. 2009 ). Another WGD 3 2 9 was speculated to have occurred in P. blakesleeanus prior to its divergence from R. 3 3 0 microspores and R. delemar (Corrochano, et al. 2016 
5
We conducted microsynteny analysis to infer which RP gene pairs were generated by the 3 3 6
WGDs in the pin molds. The estimated divergence time between Phycomyces and Rhizopus is 3 3 7 over 750 mya (Mendoza, et al. 2014 ). Most, if not all, microsynteny blocks generated by the first 3 3 8 WGD might have lost during the evolution of these pin molds. Even though we have used a less 3 3 9 strict definition of microsynteny (a minimum of 3 shared homologs in a block of ± 10 neighboring 3 4 0 genes surrounding RP), we only identified 3 and 10 pairs of microsynteny blocks between 3 4 1 paralogous RP genes in R. microspores and P. blakesleeanus respectively. In contrast, in R.
4 2
delemar, which has experienced a second round of WGD after its divergence from R. 
4 6
We attempted to identify microsynteny for orthologous RP genes to infer the evolutionary 3 4 7 history of each RP family in pin molds ( Supplementary table 8 ). Due to the large divergence 3 4 8 times between these species, most RP orthologous genes lack well-supported microsynteny 1 3 species, probably due to the first WGD. In R. delemar, the two RPL3 genes have been further 
5 7
Although there is no conclusive microsynteny evidence to support that these RP families have 3 5 8 the same evolutionary history as RPL3, we believed that it would be the most likely scenario. In 3 5 9 some RP families, such as RPL38 ( fig. 5C ), the genes from R. delemar and R. microspores 3 6 0 form two clades, and each clade has members from both species. There are 17 RP families 3 6 1 have a similar tree topology to RPL38. If these RP genes were the product of the ancient WGD, 3 6 2 their concerted evolution had terminated prior to the divergence of the two Rhizopus species.
6 3
The last type of tree topology, such as RPS20 ( fig. 5D ), whose members form two clades, and 3 6 4 each clade include genes from all the three pin mold species. Such tree topology does not 3 6 5 support the occurrence of gene conversion. We observed two RP families belonging to this 3 6 6 type. In summary, our results implied that most RP paralogous genes in pin molds might have 3 6 7 also experienced gene conversion, similar to what happened in budding yeasts and fission 3 6 8 yeasts.
3 6 9 cDNA as the probable donor for gene conversion between RP paralogous genes 3 7 0
During gene conversion, the genomic sequence of the 'acceptor' locus is replaced by a 3 7 1 'donor' sequence through recombination (Chen, et al. 2007 ). The donor can be genomic DNA or 3 7 2 cDNA derived from an mRNA intermediate (Derr and Strathern 1993; Storici, et al. 2007 ). If 3 7 3 genomic DNA is the donor, the sequences of both intron and exon can be homogenized. In 3 7 4 contrast, if cDNA is the donor, only the exon sequences of the acceptor are replaced.
7 5
Considering that synonymous mutations are largely free from natural selection, it is possible to 3 7 6 determine the donor of gene conversion by comparing the substitution rates between intron and 3 7 7 synonymous sites of exons. If the synonymous substitution rates (d S ) are significantly lower than 3 7 8 intron mutation rates (μ intron ), supporting cDNA as a donor. We calculated d S and μ intron for all RP 3 7 9 duplicate genes for presentative species from each fungal lineage: S. cerevisiae, Sch. pombe 3 8 0 and R. microspores ( Supplemental table 9 ). Overall, the d S values of all paralogous RP genes 3 8 1 high d S are observed, probably because the concerted evolution between a pair of orthologous 3 8 6 genes have terminated long time ago, resulting accumulation of many synonymous mutations.
8 7
These results suggest that, in most cases, only the coding sequences have been homogenized 3 8 8 by gene conversion, supporting cDNA as the probable gene conversion donor.
8 9
The retention of RP gene duplicates was associated with the evolution to fermentative 3 9 0 ability in fungi 3 9 1
Most eukaryotic species fully oxidize glucose, their primary carbon and energy source, 3 9 2 through mitochondrial oxidative phosphorylation in the presence of oxygen for maximum energy 3 9 3 production. In contrast, post-WGD budding yeasts and fission yeasts predominantly ferment 3 9 4 sugar to ethanol in the presence of excess sugars, even under aerobic conditions, which was 3 9 5 called aerobic fermentation (Alexander and Jeffries 1990; Lin and Li 2011a). Aerobic 3 9 6 fermentation has independently evolved in the budding yeasts and fission yeasts (de Jong-3 9 7 Gubbels, et al. 1996) . In addition, the domesticated form of R. microspores has been a widely 3 9 8 used starter culture for the production of tempeh from fermented soybean (Hachmeister and 3 9 9 
0 3
We speculated that the massive duplication and retention of RP genes have contributed to 4 0 4 the evolution of fermentative ability in these species. Increased gene dosage could lead to a 4 0 5 quantitative increase in gene expression and production of protein. To determine the impact of 4 0 6 gene duplication on the production of RP transcripts, we calculated the total transcription 4 0 7 abundance of all RP genes using our transcriptomic data generated by Cap Analysis of Gene 
5
We then infer whether increased RP gene dosage is associated with better fermentative 4 1 7 ability. A previous study has measured various physiological characteristics for over 40 yeast 4 1 8 species (Hagman, et al. 2013) , including 19 species examined in this study. We observed a 4 1 9 positive correlation between RP gene number and ethanol production efficiency (r = 0.80), and 4 2 0 glucose consumption rate (r = 0.76) ( fig. 7B and C) . We also observed a significant positive 4 2 1 correlation between total RP expression and both ethanol production efficiency (r = 0.87) and 4 2 2 glucose consumption rate (r = 0.88) ( Supplementary fig. 2 ). These results suggest that the 4 2 3 increased RP expression by gene duplication might have enhanced these organisms' ability to 4 2 4 rapidly consuming glucose through the fermentation pathway.
2 5
Discussion 4 2 6
The preferential retention of RP duplicate genes was selection-driven 4 2 7
Our survey of 295 fungal genomes revealed that massive duplications of RP genes are not 4 2 8 prevalent. However, a significant increase in RP gene copy numbers had independently There is another line of evidence supporting that the retention of RP duplicate genes in 4 4 7 fission yeasts was selection-driven. The fission yeasts have been known to maintain a single 4 4 8 copy of genes in most gene families (Rhind, et al. 2011; Rajeh, et al. 2018 Our data suggested that the retention of RP duplication genes might have been driven by 4 5 7 their contributions to the evolution of strong fermentative ability in these organisms. The 4 5 8 fermentative yeasts were believed to have gained a growth advantage through rapid glucose 4 5 9 fermentation in the presence of excess sugars (Piskur, et al. 2006) . It was found that S. increased glycolysis flux and more efficiently transporting glucose across cellular membranes.
6 8
The enhanced glycolytic activity is also present in many tumor cells, known as the "Warburg Our study confirms that gene conversion following the duplication of RP genes appears to 5 0 9 be a universal path in fungal species. Through gene conversion, the sequences of paralogous 5 1 0 genes are homogenized, easing the new mutations accumulated in one of the paralogous 5 1 1 genes. It has been shown that highly-expressed genes are more likely to experience mRNA-5 1 2 mediated gene conversion (Weng, et al. 2000; Schildkraut, et al. 2006) . Thus, as a group of 5 1 3 most actively transcribed genes (Warner 1999), the repeated occurrence of gene conversion on 5 1 4 RP genes might be due to the highly expressed nature of RP genes. It was also found that the 5 1 5 promoter or flanking genomic sequences are much more divergence than coding sequences We obtained a list of RP genes from S. cerevisiae and Sch. pombe from the Ribosomal 5 2 7
Protein Gene Database (RPG) (Nakao, et al. 2004) . We downloaded RefSeq protein sequence 5 2 8 data of 285 fungal genomes from NCBI (Table S1 ). In the first round of homologous sequences, 5 2 9
we used RP sequences from S. cerevisiae and Sch. pombe as queries to run BLASTP search 5 3 0 against the 285 proteomic data (Camacho, et al. 2009 ). For BLASTP search, we used e-value 5 3 1 cutoff of 1e-10, and only hits with a minimum alignment length of 50% of query sequences were 5 3 2 considered as homologous RP genes.
3 3
In the second round of homologous searches, we obtained the protein and genome 
4 2
The exon-intron boundaries were determined based on the TBLASTN alignments and the 5 4 3 presence of GT/AG splice sites in flanking intron sequences. We also revised the predicted 5 4 4 protein sequences if there is a discrepancy in aligned regions between BLASTP and TBLASTN 5 4 5 results. The same gene prediction method was used to revise misannotated ORF.
4 6
Construction of phylogenetic tree for RP genes 5 4 7
We inferred the phylogeny for each of the 79 RP families using the RP protein sequences 5 4 8 2 0
Estimation of substitution rates in intron and synonymous sites 5 7 0
We calculated the substitution rates for every pair of duplicate RP genes for three species 5 7 1 representing the three fungal lineages with massive RP duplications, including S. cerevisiae, 5 7 2 Sch. pombe, R. microspores. The CDS and intron sequences were retrieved from NCBI, and 5 7 3 were aligned using MUSCLE. Synonymous substitution rate was calculated using Li-Wu-Luo 5 7 4 method with Kimura 2-parameter model (Li, et al. 1985 ) in MEGA 7 (Kumar, et al. 2016 ).
7 5
Nucleotide substitution rates in intron sequences were calculated using the Kimura 2-parameter 5 7 6 model in MEGA 7.
7 7
Analysis of RP gene transcriptomic and physiological data 5 7 8
The transcriptomic data of nine budding yeasts and two fission yeasts examined were C.
